Regulators of G protein signaling (RGS) proteins modulate heterotrimeric G protein signaling negatively. To broaden an understanding of the roles of RGS proteins in fungal pathogens, we functionally characterized the three RGS protein-encoding genes (rgs1, rgs2 and rgs3) in the phytopathogenic fungus Ustilago maydis. It was found that RGS proteins played distinct roles in the regulation of development and virulence. rgs1 had a minor role in virulence when deleted in a solopathogenic strain. In crosses, rgs1 was dispensable for mating and filamentation, but was required for teliospore production. Haploid rgs2 mutants were affected in cell morphology, growth, mating and were unable to cause disease symptoms in crosses. However, virulence was unaffected when rgs2 was deleted in a solopathogenic strain, suggesting an exclusive involvement in prefusion events. These rgs2 phenotypes are likely connected to elevated intracellular cAMP levels. rgs3 mutants were severely attenuated in mating, in their response to pheromone, virulence and formation of mature teliospores. The mating defect could be traced back to reduced expression of the transcription factor rop1. It was speculated that the distinct roles of the three U. maydis RGS proteins were achieved by direct modulation of the Ga subunitactivated signaling pathways as well as through Gaindependent functions.
Introduction
G protein-coupled receptors (GPCRs) are heptahelical transmembrane (7TM) receptors perceiving and transmitting external signals such as hormones and physical stimuli through heterotrimeric G proteins consisting of a, b and g subunits. In fungi, G proteins regulate a variety of physiological processes including vegetative growth and virulence (Li et al., 2007a; Wang et al., 2013) . Activation of G proteins is achieved through exchange of GDP for GTP on the Ga subunit resulting in the dissociation of the Ga and Gbg complex. The Ga subunit or the Gbg dimer can then propagate the signal through downstream effectors. Upon GTP hydrolysis to GDP by the intrinsic GTPase activity of the Ga subunit, the G protein subunits reassociate and signaling is terminated (Hill et al., 2006) . Thus, the lifetime of the GTP-bound Ga subunit determines the intensity of the signal (McCudden et al., 2005) .
RGS proteins (Regulators of G protein Signaling) are a group of proteins containing a conserved RGS domain of about 120 amino acids, which specifically interacts with the GTP-bound Ga subunit, accelerates its intrinsic GTPase activity and thus negatively regulates G-protein signaling (Neubig and Siderovski, 2002; McCudden et al., 2005) . Besides being GTPase activating proteins (GAPs), RGS proteins can also switch off GPCR signaling pathways by acting as effector antagonist. Alternatively, RGS proteins can accelerate reassembly of the heterotrimeric G protein by enhancing the affinity of the Ga subunit to the Gbg dimer (Zhong and Neubig, 2001 ). RGS and RGS-like proteins have been studied in many eukaryotic organisms (Yu et al., 1996; De Vries and Farquhar, 1999; Han et al., 2004; Chasse et al., 2006; Hsueh et al., 2007; Zhang et al., 2011) .
Saccharomyces cerevisiae contains four RGS domain-containing proteins Sst2p, Rgs2p, Rax1p and Mdm1p (Chasse et al., 2006) . The prototype RGS protein Sst2p functions as a principal regulator of the mating pheromone MAPK signaling pathway, interacts physically with Gpa1p and accelerates its GTPase activity (Dohlman et al., 1996; Chasse et al., 2006) . Rgs2p downregulates the glucose-activated cAMP pathway through direct inhibition of Gpa2p (Versele et al., 1999) . Rax1p and Mdm1p belong to the non-canonical RGS proteins which contain an RGS domain as well as additional domains conferring functions distinct from inactivation of Ga subunits (Sethakorn et al., 2010) . Rax1p and Mdm1p are indeed transmembrane proteins presumed not to be involved in G protein signaling pathways (Fisk and Yaffe, 1997; Fujita et al., 2004) . Rax1p regulates the establishment and maintenance of cell polarity (Fujita et al., 2004) , while Mdm1p is required for proper nuclear and mitochondrial inheritance (Fisk and Yaffe, 1997) . Non-canonical RGS proteins are involved in integrating different signaling pathways and can function as scaffolding elements that connect G proteins to other signaling proteins such as membrane receptors, protein kinase A (PKA) or MAPK cascade components (Sethakorn et al., 2010) .
G protein signaling initiated by membrane-bound receptors can also be tuned by small G-proteins belonging to the Ras superfamily. Ras proteins such as Rho1 or Cdc42, similarly to the heterotrimeric G proteins, display a very low intrinsic GTPase activity and, therefore, need GAPs for turning the molecular switch off (Tisi et al., 2014; Reiner and Lundquist, 2016) . Well studied GAPs for small G proteins in fungi are Bem2 and Bem3 (Gong et al., 2013; Nie et al., 2017) . Recently, two Rhotype GAPs, Lrg1 and Rga1, have been related to pathogenic development in Magnaporthe oryzae (Li et al., 2014) . Beside their GTPase activating function, RGS proteins are distinct from other GAPs in several features: (i) they often have additional domains allowing the formation of signaling complexes; (ii) they act allosterically on Ga subunits and do not directly take part in the GTP hydrolysis like GAPs for small G proteins; (iii) they likely evolved from a common ancestor, while other GAPs do not; (iv) their activity can be regulated by intracellular cAMP, Ca 21 -calmodulin, phospholipids, phosphorylation and palmitoylation while other GAPs are mostly regulated by phosphorylation (Ross and Wilkie, 2000; Tu and Wilkie, 2004) . The fungal pathogen U. maydis is the causal agent of corn smut disease (Banuett, 1992) . To induce tumor formation, haploid strains of compatible mating types need to fuse to develop the infective dikaryotic filament. Cell recognition and fusion are controlled by the biallelic a locus encoding the components of a pheromone receptor system Spellig et al., 1994) . The formation of filaments is governed by the complex of two homeodomain proteins, bW and bE (Gillissen et al., 1992; K€ amper et al., 1995) . The bW/bE complex is crucial to maintain the dikaryotic filament, initiates pathogenic development and sustains in planta proliferation Heimel et al., 2010; Wahl et al., 2010) .
U. maydis encodes four Ga subunits (Gpa1, Gpa2, Gpa3 and Gpa4) (Regenfelder et al., 1997) , one Gb subunit (Bpp1) (M€ uller et al., 2004) and one Gg subunit (Garcia-Pedrajas et al., 2008) . The Ga subunit Gpa3 plays a positive role in controlling a conserved cAMP signaling pathway that inhibits filamentous growth (Regenfelder et al., 1997; Kr€ uger et al., 1998) and regulates the expression of pheromone and receptor genes (Kaffarnik et al., 2003) . Through genetic epistasis analysis, Bpp1 and Gpa3 were suggested to be components of the same heterotrimeric G protein functioning in the cAMP/PKA signaling pathway (M€ uller et al., 2004; Klosterman et al., 2007) . The other three Ga subunits are dispensable for mating, filamentation and pathogenic development (Regenfelder et al., 1997) . Genes encoding Rho-type GAPs such as bem2, bem3, rga1 and lrg1 have also been identified in U. maydis (Garcia-Pedrajas et al., 2008), but not yet functionally characterized.
In this study, we have analyzed the functions of three RGS domain-containing proteins in U. maydis. We were able to show interaction between the RGS proteins and the Ga subunits and ascribe discrete roles in morphology, mating and pathogenicity to individual RGS proteins.
Results
The U. maydis genome contains three genes encoding RGS domain-containing proteins
Three genes (um02104, um00956 and um10380) encoding RGS domain-containing proteins in U. maydis were identified in the MIPS U. maydis database (MUMDB http://pedant.helmholtz-muenchen.de/pedant3htmlview/ pedant3view?Method 5 analysis&Db 5 p3_t237631_Ust_ maydi_v2GB) and termed rgs1, rgs2 and rgs3 respectively. Phylogenic analysis of the RGS domains showed that all three U. maydis RGS domain-containing proteins have closely related orthologs in other smut fungi like Sporisorium reilianum and Ustilago hordei (Supporting Information Fig. S1A ). Outside of the smut fungi, all three proteins display the highest degree of identity to functionally characterized proteins in the basidiomycete Cryptococcus neoformans (Wang et al., 2004; Shen et al., 2008; Xue et al., 2008) . Rgs1 shows 43% amino acid identity to C. neoformans Crg1 and is predicted to contain two DEP (initially identified in the proteins Dishevelled from Drosophila melanogaster, Egl-10 from Caenorhabditis elegans and human Pleckstrin; Ponting and Bork, 1996) domains for membrane targeting besides the RGS domain ( Fig. 1; Supporting Information Fig.  S1B ). For Rgs2, a RGS domain as well as three Cterminal transmembrane domains are predicted, and Crg2 of C. neoformans shows the highest amino acid identity (42%) ( Fig. 1; Supporting Information Fig. S1C ). Rgs3 shares 26% amino acid identity to C. neoformans Crg3, contains two predicted transmembrane domains at the N-terminus, an RGS domain, a PX (phosphatidylinositol binding, Phox) domain as well as a PXA (Phoxassociated) domain and a sorting nexin domain ( Fig. 1 ; Supporting Information Fig. S1D ).
The U. maydis Rgs1, Rgs2 and Rgs3 are able to bind Ga subunits Since RGS domain-containing proteins associate with Ga subunits (Dohlman et al., 1996; Chen et al., 2003; Hsueh et al., 2007) , the ability of the three U. maydis RGS domain-containing proteins to interact with U. maydis Ga subunits was analyzed. We first tested the interaction by yeast two-hybrid assays which had been successfully applied to the C. neoformans RGS proteins (Li et al., 2007b; Xue et al., 2008) . However, no interaction could be detected by this approach (data not shown). We then tested the interaction by coimmunoprecipitation. To this end, the three RGS proteins each were C-terminally fused to a Myc tag and the four Ga subunits were each fused to a C-terminal HA tag respectively. We generated 12 strains derived from FB2 co-expressing from the constitutive otef promoter (Spellig et al., 1996) all possible pairwise combinations of tagged RGS and Ga subunits. Three strains expressing only the Myc-tagged RGS proteins served as negative controls. After testing different conditions, we could detect interaction in the presence of GDP and AlF 2 4 , which is thought to mimic the g-phosphate of GTP (Bigay et al., 1985) , suggesting that the U. maydis RGS proteins only bind the transition state of the Ga subunits. Rgs1 was able to interact with all four Ga subunits (Fig. 2) . Rgs2 was able to bind Gpa2 and Gpa3, and in Ga proteins, respectively, fused to a Myc tag and a HA tag, were used for co-immunoprecipitation experiments. Proteins were extracted with a lysis buffer containing AlF 2 4 and GDP. The Ga subunits were immuno-precipitated using anti-HA affinity matrix. Immuno-precipitated proteins were separated by SDS-PAGE, blotted and probed with anti-Myc antibodies (upper panels) and anti-HA antibodies (lower panels). some experiments we detected interaction with Gpa4 (Fig. 2) . Rgs3 showed weak interactions with Gpa1 and Gpa2 in some experiments, while strong and consistent interaction was observed with Gpa3 and Gpa4 (Fig. 2) . These results suggest that all three RGS proteins can interact with Ga subunits more or less promiscuously.
Rgs1 is dispensable for mating and virulence, but is required for teliospore development
To study the roles of RGS-domain containing proteins in U. maydis, individual deletion mutants for rgs1, rgs2 and rgs3 were generated in the compatible haploid strains FB1 and FB2 as well as in the solopathogenic strain SG200AN1, by replacing of the open reading frames with a hygromycin B resistance marker. The deletion of rgs1 did not affect cell morphology and growth and caused no alteration in stress sensitivity to Congo red or NaCl (data not shown). Mating ability and virulence of compatible haploid rgs1 deletion mutants were comparable to respective compatible wild type strains (Supporting Information Fig. S2A and C) . In the solopathogenic strain SG200AN1, the deletion of rgs1 did not show any effect on filamentation on charcoal-containing plates, but virulence was slightly attenuated (Supporting Information Fig. S2B and C) . A single copy of rgs1 under the control of its endogenous promoter integrated into SG200AN1Drgs1 rescued this defect (Supporting Information Fig. S2B and C) .
Although deletion of rgs1 did not impact virulence symptoms in crosses of compatible strains, teliospore formation was affected. After 12 day post infection, dark pigmented teliospores were observed in tumor tissue of FB1 x FB2 infected plants while FB1Drgs1 3 FB2Drgs1 infected plants lacked dark-colored ornamented spores (Fig. 3A) . Instead, spore development appeared prematurely arrested at the rounding-up stage (Fig. 3B ) and even after 4 weeks post infection teliospores were not produced (data not shown). These data show that Rgs1 is not required for plant colonization, but is essential for final teliospore development.
Rgs2 is important for yeast-like growth and efficient mating
The deletion of rgs2 in FB1 and FB2 caused a growth defect (Supporting Information Fig. S3A ) and a morphological alteration, that is, cells appeared longer than the respective wild type cells (Fig. 4A , upper panel and Supporting Information Fig. S3B ). Both phenotypes could be complemented by introducing a single copy of rgs2 under the control of its endogenous promoter into FB1Drgs2 ( Fig. 4A ; Supporting Information Fig. S3A and B). Calcofluor white and DAPI staining showed that the longer cells contained additional septa with a single nucleus per compartment (Fig. 4A, lower panel) indicating a cell separation defect.
In mating reactions of FB1Drgs2 3 FB2Drgs2, filamentation was severely reduced compared with the cross between FB1 and FB2 (Fig. 4B) . However, when rgs2 mutants were crossed with wild type strains, filamentation was also attenuated but was more severely reduced when the FB1 strain carried the mutation (Fig.  4B ). This most likely reflects that FB1 and FB2 strains are not isogenic (Banuett and Herskowitz, 1989) . To verify that mating and formation of dikaryotic filaments had occurred at all in the mutant cross, we stained the filaments from charcoal-containing PD plates with DAPI to visualize the nuclei. While dikaryotic filaments could be readily observed in the FB1 3 FB2 cross, much fewer dikaryotic structures were observed in the FB1Drgs2 3 FB2Drgs2 cross (Supporting Information Fig. S3C ). To test whether the mating defect could be due to a defect in pheromone perception, we constructed an FB1Drgs2 strain expressing GFP under the control of the mfa1 pheromone gene promoter (FB1Drgs2P mfa1 :GFP) and compared its response to pheromone to FB1P mfa1 :GFP (Kaffarnik et al., 2003) . In response to a2 pheromone, mfa1 expression is upregulated (Kaffarnik et al., 2003) . While 15.21% 6 2% of the FB1P mfa1 :GFP cells showed GFP fluorescence, only 7.11% 6 1.6%, of the FB1Drgs2Pmfa1:GFP cells showed a signal (data not shown). This suggests that the mating defect of the rgs2 deletion strains could in part be due to a defect in pheromone sensing. On the other hand, on charcoalcontaining media the solopathogenic strains SG200AN1 and SG200AN1Drgs2, which are derived from FB1, displayed similar white fuzziness (data not shown), suggesting that rgs2 is primarily needed during or before cell fusion. Moreover, SG200AN1Drgs2, did not show the elongated cell morphology observed in FB1Drgs2 and FB2Drgs2 (data not shown).
While 91% of the maize plants infected by the mixture of FB1 and FB2 formed tumors (Fig. 4C ), plants infected with the combination of FB1Drgs2 and FB2Drgs2 showed only chlorosis and did not develop tumors (Fig.  4C) . To study at which stage pathogenic development is impaired, infected maize plants were analyzed by confocal microscopy 18 hours post inoculation (hpi) when appressoria are formed and 2 days post infection (2dpi) when biotrophic growth inside the host is fully established (Fig. 5) . At 18 hpi, the FB1 3 FB2 cross showed filamentous growth on the leaf surface and hyphae had developed appressoria (Fig. 5A) . At 18 hpi, the FB1Drgs2 3 FB2Drgs2 mixture showed only little filamentation, the few filaments detected had an aberrant morphology and appressoria were rare (Fig. 5B) . At 2 dpi, the FB1 3 FB2 cross showed massive colonization of the epidermal layer and underlying mesophyll tissue and hyphae were detected in and around the veins (Fig.  5C ). On the contrary, in the FB1Drgs2 3 FB2Drgs2 cross very few biotrophic hyphae with abnormal morphology were observed (Fig. 5D) .
Interestingly, the solopathogenic strains SG200AN1 and SG200AN1Drgs2 showed comparable virulence symptoms (Fig. 4C ) and produced spores in stem tumors after 4 weeks (data not shown). These data reinforce that rgs2 plays a crucial role prior or during cell fusion and is dispensable for post-fusion development.
Rgs3 is required for the efficient pheromone response, mating, filamentation, full virulence and spore development When grown in liquid medium, the cell morphology of FB1Drgs3 was indistinguishable from that of FB1 (data not shown). However, on agar plates, colonies of FB1Drgs3 were wrinkled compared with dome-shaped FB1 colonies (Fig. 6A ). The wild type colony morphology could be restored by introducing rgs3 under the control of its own promoter in single copy into FB1Drgs3 (Fig. 6A ). To determine whether this phenotype could be due to a defect in surface hydrophobicity, water droplets stained with methylene blue were placed on the surface of fungal colonies grown on charcoal-containing PD plates for 24 h. After 4 h, the water drops were still suspended on the hydrophobic surface of the wild-type and mutant strains indicating that Rgs3 does not play any role in maintaining surface hydrophobicity (Supporting Information Fig. S5 ).
Compared with a combination of compatible wild type strains, the mixture of FB1Drgs3 and FB2Drgs3 showed a severe reduction in dikaryotic filaments and this was already apparent in combinations when only one of the mating partners carried a deletion of rgs3 (Fig. 6B ). In the complemented strain FB1Drgs3-rgs3 the mating defect with FB2 could be restored (Fig. 6B ). In the solopathogenic strain SG200AN1 the deletion of rgs3 strongly reduced filamentation on charcoal-containing PD plates ( Fig. 6C ) and this defect could again be complemented by introducing a single copy of rgs3 (Fig.  6C ). These observations indicate that rgs3 might be required for cell fusion as well as for post-fusion events. To study the mating defect of the rgs3 mutant in more detail, FB1 and FB1Drgs3 strains were stimulated with A. The rgs2 deletion mutant shows an altered cell morphology with formation of elongated cells that grow without separation after cell division. White head arrows point at DAPI-stained nuclei. Scale bar represents 10 mm. B. U. maydis strains indicated on top and on the left were spotted either alone or co-spotted on charcoal-containing PD plates and incubated for 48 h at 288C. Dikaryotic filaments show white fuzziness. C. Pathogenicity assay of Drgs2 strains on maize plants. The indicated strains were used to inoculate 7-day-old maize seedlings and 12 days after infection disease symptoms were scored. Disease categories are indicated to the right. Total numbers of infected plants are indicated above the respective columns. Error bars indicate standard deviations calculated from three biological replicates. Statistically significant differences between wild type strains and rgs2 mutants are indicated by asterisks (Student's t-test, ** P < 0.01, *** P < 0.001). synthetic a2 pheromone. After stimulation for 5 h, 97.1% of FB1 cells had formed conjugation tubes while only 12.5% of the FB1Drgs3 cells showed conjugation tube formation ( Fig. 6D and E). This indicates that rgs3 is required for the efficient morphological response to pheromone stimulation.
To examine the function of rgs3 during pathogenic development, maize seedlings were inoculated with mixtures of compatible rgs3 mutants or with wild type strains as control. Compared with wild type strains, virulence of compatible rgs3 mutants was significantly reduced (Fig. 7A ). Virulence assays with the solopathogenic strain SG200AN1 and its derivative SG200AN1Drgs3 also revealed a significant reduction in virulence (Fig. 7A ). This virulence defect could be fully complemented (Fig. 7A ). When tumors induced by FB1Drgs3 3 FB2Drgs3 were analyzed by DIC microscopy at 12 dpi, we detected fragmented hyphae but ornamented, mature teliospores were missing (Fig. 7B ). These results suggest that Rgs3 is required for several processes including teliospore formation.
To ascertain at which infection stage the rgs3 mutant might be affected, filamentation and appressoria formation of the solopathogenic mutant strain SG200AN1Drgs3 were quantified in vitro (Mendoza-Mendoza et al., 2009). SG200AN1Drgs3 was severely reduced in filamentation on Parafilm M in presence of hydroxy fatty acids. Only 26.4% 6 1.7% cells formed filaments compared with 50.8% 6 6.9% for SG200AN1 (data not shown). With respect to the percentage of filaments developing appressoria, SG200AN1Drgs3 and SG200AN1 behaved similarly (21.1% 6 2.6% vs. 26.5% 6 1.5%), suggesting that rgs3 specifically affects filamentation.
To better fit Rgs3 which is predicted to contain two transmembrane domains ( Fig. 1 ) into a signaling network, we determined its cellular localization in budding cells. To this end a biologically active Rgs3-mCherry was introduced into the ip locus of FB1. In addition, an ER-GFP marker (Wedlich-S€ oldner et al., 2002) was introduced. Compared with the ER-marker which was detected at the cell periphery, the nuclear envelope and vesicles, Rgs3-mCherry signals partially colocalized with the ER-marker but in addition there was spottier mCherry fluorescence detected in the cytoplasm (Supporting Information Fig. S6 ). At this point we do not know whether this reflects an additional compartment where Rgs3 resides or fluorescence due to free mCherry.
Deletion of rgs3 reduces the activation of the pheromone MAPK signaling pathway
To determine whether rgs3 acts on the pheromone MAPK signaling pathway, the transcriptional response to pheromone was examined in wild type and rgs3 deletion strains by analyzing the expression of the pheromone responsive genes mfa1, pra1, bE1 and bW1 by Northern blot. As shown previously, a low basal level of expression of mfa1 and pra1 and increased expression of all four genes upon a2 pheromone stimulation were detected in FB1 (M€ uller et al., 2003) . In contrast, we failed to detect basal expression of mfa1 and pra1 in FB1Drgs3 (Fig. 8A) . After pheromone stimulation, the expression of mfa1 and pra1 was highly induced, both in FB1 and in FB1Drgs3, but bE1 and bW1 expression in the rgs3 deletion strain remained low (Fig. 8A) .
Upon pheromone stimulation, the pheromone MAP kinase module is activated, resulting in phosphorylation of the MAP kinases Kpp2 and Kpp6 important for appressoria formation and plant penetration respectively Di Stasio et al., 2009) . To determine whether the effect of rgs3 on mating is associated with a downregulation of the MAPK signaling pathway, the phosphorylation status of Kpp2 and Kpp6 was analyzed in the rgs3 mutant by Western blot. As previously shown for the FB1 strain (Di Stasio et al., 2009 ), A. Colony morphology of FB1 and FB1Drgs3 strains. The indicated strains were singled out on PD plates and incubated for 3 days at 288C. B. U. maydis strains indicated on top and on the left were spotted either alone or in combination on charcoal-containing PD plate and incubated for 48 h at 288C. Dikaryotic filaments appear as white fuzziness. C. Filamentation of SG200AN1 and SG200AN1Drgs3. The indicated strains were spotted on charcoal containing medium and incubated for 48 h at 288C. Filaments appear white and fuzzy. D. The indicated strains were treated with synthetic a2 pheromone for 5 h to induce conjugation tubes and photographed. Scale bar represents 10 mm. E. The indicated strains were treated with synthetic a2 pheromone as (D) and conjugation tubes were quantified. Error bars indicate standard deviations. Values represent mean 6 SD within three replicates, evaluating at least 100 cells per sample. Statistically significant differences are indicated by asterisks (Student's t-test, *** P < 0.001).
phosphorylation of Kpp2 and Kpp6 could be detected after the addition of a2 pheromone (Fig. 8B) . However, in FB1Drgs3 phosphorylation of Kpp2 was only slightly induced 30 min after pheromone addition and was almost undetectable at 45 and 60 min of induction (Fig.  8B ). In addition, phosphorylated Kpp6 could not be detected (Fig. 8B ). This indicates that Rgs3 is required for the activation of the MAP kinases Kpp2 and Kpp6.
To examine at which level Rgs3 regulates the activation of pheromone MAPK signaling pathway, we generated a FB1Drgs3 strain expressing the pheromone receptor gene pra1 (FB1Drgs3-pra1 con ) under the control of the constitutive otef promoter (Spellig et al., 1996) . After a2 pheromone stimulation, comparable levels of phosphorylated Kpp2 could be detected in FB1Drgs3-pra1 con and FB1pra1 con , while phosphorylated Kpp6 was only barely detectable in FB1Drgs3-pra1 con (Fig. 8C) .
Additionally, the constitutive expression of a Pra1-GFP receptor fusion protein in FB1Drgs3 led to induced expression of mfa1, pra1 as well as bE1 and bW1 genes ( Fig. 8A ) and restored the ability to form conjugation tubes after stimulation with a2 pheromone (Fig. 8E) . The finding that Kpp6 phosphorylation was attenuated in FB1Drgs3-pra1 con might indicate a specific role of Rgs3 in regulating the activation of Kpp6. Alternatively, Rgs3 might be already required for transcriptional regulation of kpp6. kpp2 is constitutively expressed while kpp6 is pheromone-induced in wild type cells (Brachmann et al., 2004) and the latter may require rgs3. Collectively, these results suggest that rgs3 is required for the expression of the pra1 receptor gene.
Rgs3 regulates the expression of prf1 via rop1
To examine the basal expression of the pheromone receptor Pra1, we generated strains where the endogenous copy of pra1 is C-terminally tagged with an HA-epitope in FB1 and FB1Drgs3 respectively. Western blot analysis showed that the amounts of Pra1-HA in FB1Drgs3-pra1-HA were severely reduced compared with levels in the control strain FB1pra1-HA (Fig. 9A ). To test whether the reduction of Pra1 protein in FB1Drgs3pra1-HA resulted from reduced transcription of prf1, the direct transcriptional A. The indicated strains were used to inoculate 7-day-old maize seedlings and 12 days after infection disease symptoms were scored. Error bars indicate standard deviations calculated from three biological replicates. Numbers of infected plants are indicated above the respective columns. Disease categories are indicated to the right. Statistically significant differences between wild type strains, rgs3 mutants and the complementation strain are indicated by asterisks (Student's t-test, * P < 0.05, ** P < 0.01, *** P < 0.001). B. Maize seedlings were inoculated with the indicated strains. Typical tumors induced by wild type and corresponding deletion strains were collected at 12 dpi, dispersed in water and spore structures were observed with a light microscope. The scale bar corresponds to 20 mm.
regulator of pra1 and mfa1 (Hartmann et al., 1996) or reduced transcription of rop1, a transcriptional regulator of prf1 (Brefort et al., 2005) , expression of prf1 and rop1 was analyzed in the FB1Drgs3 strain. Northern blot analysis showed that expression of mfa1 and prf1 was undetectable in the FB1Drgs3 strain (Fig. 9B) . Regarding rop1 expression, the larger transcript representing unspliced mRNA (Brefort et al., 2005) was not affected, while the smaller transcript corresponding to mature rop1 mRNA was undetectable in FB1Drgs3 (Fig. 9B ). This indicates that rgs3 is important for the production of the mature rop1 transcript. Next, prf1 and rop1 were individually expressed under the control of the constitutive otef promoter in FB1Drgs3. In contrast to FB1Drgs3 and similar to FB1, FB1Drgs3-prf1 con and FB1Drgs3rop1 con strains showed high basal expression levels of mfa1 and were able to react to a2 pheromone with conjugation tube formation ( Fig.  9C and D) . This suggests that rgs3 acts upstream of prf1 and rop1. As Tup1 was also shown to be a regulator of rop1 transcription (Elias-Villalobos et al., 2011), we also tested tup1 expression levels in the FB1Drgs3 strain by Northern blot. The deletion of rgs3 did not alter the transcript level of tup1 (Supporting Information Fig. S7 ), suggesting that rgs3 does not influence rop1 expression via tup1. A. The indicated strains were treated with synthetic a2 pheromone (1) or solvent DMSO (2) for 5 h, total RNA was prepared and subjected to Northern blot analysis using probes for the genes indicated on the right. rRNA was stained with methylene blue as loading control. B. The indicated strains were treated with synthetic a2 pheromone and cells were collected at 0, 30, 45 and 60 min respectively. Cell lysates were prepared and subjected to SDS-PAGE. The antibody against phospho-p44/42 MAPK was used to detect phosphorylated MAP kinases Kpp2 and Kpp6. Anti a-Tubulin antibody was used as loading control. C. The indicated strains overexpressing the pheromone receptor pra1 were treated with synthetic a2 pheromone for 5 h and cells were processed as in (B). D. The indicated strains were treated with synthetic a2 pheromone to induce conjugation tubes and observed under the microscope after 5 h. Scale bar represents 10 mm. E. Quantification of conjugation tubes in FB1, FB1Drgs3 and FB1Drgs3pra1 con strains shown in (D). Error bars indicate standard deviations. Values represent mean 6 SD within three replicates, evaluating at least 100 cells per sample. Statistically significant differences between FB1, FB1Drgs3 and FB1Drgs3pra1 con strains are indicated by asterisks (Student's t-test, *** P < 0.001).
Overexpression of rgs1 rescues the altered phenotype of rgs3 mutant, but is not able to complement the defects of rgs2 mutant
Since we observed that Rgs1 physically interacts with all four Ga subunits, we evaluated whether overexpression of rgs1 could functionally complement the growth, mating, virulence and spore development defects of rgs2 and rgs3 mutants. To this end, rgs1 was C-terminally tagged with a Myc epitope and expressed under the control of the yef3 (um04152) promoter in the strains FB1Drgs2, FB2Drgs2, FB1Drgs3 and FB2Drgs3. yef3 encodes the translation elongation factor eEF3 and is expressed both under axenic conditions and during pathogenic development of U. maydis (Lanver and Kahmann, unpublished) . In the respective strain designations the introduced allele is named rgs1 con . Western blot analysis showed that the Rgs1-Myc protein was expressed in all strains (Supporting Information Fig. S8 ).
In liquid YEPSL medium, FB1Drgs2-rgs1 con and
FB2Drgs2-rgs1 con still displayed the growth defect of the progenitor strains FB1Drgs2 and FB2Drgs2 (data not shown) while the altered colony morphology of FB1Drgs3 was reverted in FB1Drgs3-rgs1 con (Fig. 10A ).
On charcoal-containing media, the FB1Drgs2-rgs1 con 3
FB2Drgs2-rgs1 con cross failed to produce dikaryotic filaments like control strains FB1 3 FB2 (Fig. 10B) . However, FB1Drgs3-rgs1 con 3 FB2Drgs3-rgs1 con cross were fully able to mate and develop filaments (Fig. 10B ). Plants infected with the combination of FB1Drgs2-rgs1 con and FB2Drgs2-rgs1 con showed only chlorosis comparable to the infection with FB1Drgs2 3 FB2Drgs2 (Fig. 10C) , illustrating that overexpression of rgs1 cannot substitute for rgs2. While rgs3 mutants were reduced in virulence when crossed, plants infected with the mixture FB1Drgs3-rgs1 con 3 FB2Drgs3-rgs1 con were able to cause full disease symptoms comparable to the cross of FB1 3 FB2 wild type strains (Fig. 10C ). In addition, teliospore formation, which was undetectable in rgs3 mutants, was also restored (Fig. 10D) . These results indicate that Rgs1-Myc is functional and, when overexpressed, can complement the phenotype of rgs3 mutants. A. The indicated strains were grown in CM medium with 1% w/v glucose at 288C. Cell lysates were prepared and subject to SDS-PAGE. The antibody directed against HA was used to detect Pra1HA. Anti-a-tubulin antibody was used as loading control. B. Total RNA from the indicated strains was prepared and subjected to Northern blot analysis using probes for the genes indicated on the right. rRNA was stained with methylene blue as loading control. C. Total RNA from the indicated strains was prepared and subjected to Northern blot analysis using mfa1 probe. rRNA was stained with methylene blue as loading control. (D) The indicated strains were treated with synthetic a2 pheromone for 5 h to induce conjugation tubes and photographed. Scale bar represents 10 mm. cAMP levels are elevated in rgs2 and rgs3 mutants Previous studies revealed that RGS proteins in pathogenic fungi regulate cAMP signaling (Xue et al., 2008; Zhang et al., 2011) . Therefore, we decided to measure the intracellular concentration of the second messenger cAMP in rgs mutants of U. maydis. Since cAMP exists as two isomers (2',3'-cAMP and 3',5'-cAMP), both of which are reported to be active in biological systems (Jackson, 2017) , we measured the absolute concentration of both isomers in total cell lysates of all three rgs mutants in the FB1 background and included control strains FB1Duac1 lacking adenylate cyclase (Gold et al., 1994) and FB1gpa3 Q206L expressing a constitutively active version of Gpa3 (Regenfelder et al., 1997) (Table  1 and Supporting Information Fig. S4 ). Compared with FB1, the concentration of cAMP was lower in the strain lacking adenylate cyclase and elevated in the strain expressing Gpa3 Q206L . We were surprised to notice that cAMP in FB1Duac1 was not completely absent. This could reflect that all strains used in this analysis were pre-grown in medium containing 6 mM cAMP to avoid the appearance of suppressors of the filamentous phenotype. Alternatively, we cannot rule out the possibility that alternative enzymes to Uac1 like guanylate cyclase could contribute to the production of cAMP as already reported (Derbyshire et al., 2009) . While the deletion of rgs1 in the strain FB1 did not affect the cAMP concentration (Table 1) , the rgs2 mutant showed more than 150-fold higher concentration of intracellular cAMP than FB1 (Table 1 ). This result suggests that the morphological phenotype of FB1Drgs2 could result from the altered cAMP homoeostasis. Since high concentrations of added cAMP negatively affect the expression of mating type genes in U. maydis (Kr€ uger et al., 1998), the mating defect of rgs2 mutant could also result from the elevated cAMP levels. The solopathogenic strain SG200 that is derived from FB1 displayed a two-fold higher cAMP level than FB1. Surprisingly, when rgs2 was deleted in SG200, the intracellular cAMP concentration was not elevated (Table 1 ) (see Discussion). In the rgs3 mutant the cAMP concentration was four-fold higher than in the progenitor FB1 strain indicating that deletion of rgs3 also affects cAMP signaling (Table 1) .
RGS proteins in Ustilago maydis

Discussion
In this study we have functionally characterized the three rgs genes of U. maydis. RGS are evolutionarily conserved proteins acting as negative regulators of Ga protein signaling (Li et al., 2007a) . We could show that the U. maydis RGS proteins are able to bind Ga subunits and influence to different extents mating, morphogenesis and pathogenic development. RGS proteins play different roles in fungal plant pathogens. In Cryphonectria parasitica, the causal agent of the chestnut blight, CPRGS-1 has been implicated in conidiation, pigmentation as well as virulence and hydrophobin biosynthesis (Segers et al., 2004) . In M. oryzae, eight rgs genes were found to be involved in the control of intracellular cAMP levels and of these two affected mating and four contributed to virulence in addition (Zhang et al., 2011) . In Gibberella zeae, seven rgs genes exist and have either discrete or overlapping roles in vegetative growth, conidiation, spore morphology, germination and mycotoxin production. In addition, FgFlbA and FgRgsB contribute to sexual development as well as virulence while FgRgsC is implicated in sexual development and FgRgsA in virulence only (Park et al., 2012) . A. The strains FB1, FB1Drgs3 and FB1Drgs3 overexpressing rgs1 (FB1Drgs3rgs1 con ) were singled out on PD plates and incubated for 3 days at 288C. B. U. maydis strains indicated on top and on the left were spotted either alone or in combination on charcoal-containing PD plate and incubated for 48 h at 288C. Dikaryotic filaments appear as white fuzziness. C. Pathogenicity assay of rgs2 and rgs3 mutants overexpressing rgs1 on maize plants. The indicated strains were used to inoculate 7-day-old maize seedlings and 12 days after infection disease symptoms were scored. Disease categories are indicated to the right. Total numbers of infected plants are indicated above the respective columns. Error bars indicate standard deviations calculated from three biological replicates. Statistically significant differences between wild type and mutants strains are indicated by asterisks (Student's t-test, * P < 0.05, ** P < 0.01, *** P < 0.001). D. Maize seedlings were inoculated with the indicated strains. Typical tumors showing dark pigmentation (indicated by black arrow heads) were collected at 12 dpi (upper panel). Tumors were dispersed in water and spore structures were observed with a light microscope (lower panel). The scale bar corresponds to 20 mm. Total amounts of the two isomers 2 0 ,3 0 cAMP and 3 0 ,5 0 cAMP were determined via LC-MS/MS analysis as described in Experimental procedures. Data were generated from three biological replicates and indicated amounts are mean 6 SD. Statistically significant differences between progenitor and mutant strains are indicated by asterisks in brackets (Student's t-test, * P < 0.05, ** P < 0.01). b. The ratio was calculated relative to FB1. c. The ratio was calculated relative to SG200.
In U. maydis, Rgs1 plays a minor role in tumor formation and has no effect on mating, intracellular cAMP levels and cell morphology. However, teliospore development is impaired when rgs1 is deleted. This specific effect on late development was surprising as in other fungal pathogens such as M. oryzae, G. zeae, C. neoformans, Fusarium verticillioides, C. parasitica and Candida albicans, the closest orthologs to rgs1 of U. maydis have been demonstrated to be crucial for almost all infection-related stages such as appressorium formation, host penetration, disease development, surface hydrophobicity, mycotoxin production, conidiation and spore development (Segers et al., 2004; Wang et al., 2004; Dignard and Whiteway, 2006; Mukherjee et al., 2011; Zhang et al., 2011; Park et al., 2012) . In C. neoformans and C. parasitica the effects on all of these processes were explained through modulation of the cAMP pathway (Segers et al., 2004; Mukherjee et al., 2011) while in M. oryzae MoRgs1 affects cAMP signaling as well as amino acid metabolism (Liu et al., 2007; Zhang et al., 2014) . In U. maydis rgs1 mutant, we did not observe any alteration in the intracellular cAMP levels (Table 1 ) and we therefore speculate that the sporulation defect is not related to a cAMP-dependent G protein signaling function, but involves functions connected to the DEP domains of the protein. DEP domains are involved in the recruitment of different proteins to specific GPCRs, to the Golgi apparatus or to the plasma membrane (Consonni et al., 2014) . For the S. cerevisiae Rgs1 ortholog Sst2p, it has been demonstrated that the single DEP domain specifically binds to the unphosphorylated C-terminal tail of Ste2, the pheromone response GPCR. Bound Sst2p directs its RGS activity to the pheromone signaling pathway (Ballon et al., 2006) . Moreover, the DEP domain in Sst2p has been found to play a role in regulating the expression of stress-responsive genes through the interaction with a set of distinct proteins (Burchett et al., 2002) . The two DEP domains in MoRgs1 of M. oryzae are crucial for the function and for localizing the protein to vesicles (Ramanujam et al., 2012) .
RGS proteins are known to display high selectivity in their regulation (Xie and Pierce Palmer, 2007) . Here we have shown that Rgs1 can interact with all four Ga subunits of U. maydis. An interaction with several Ga subunits was also observed in M. oryzae for MoRgs1 (Liu et al., 2007) . As our interaction studies were done in strains constitutively overexpressing RGS proteins as well as Ga subunits, we cannot presently conclude that these interactions would occur in nature where the respective proteins may not be co-expressed or reside in the same compartment. In line with this, we observed that Rgs1 overexpression can substitute for Rgs3, while this is not observed in the strain where rgs3 is deleted and rgs1 is expressed from its native promoter. Conversely, the rgs2 phenotype could not be complemented by overexpression of rgs1. We speculate that the three transmembrane domains in the C-terminal part of Rgs2 might account for a specific membrane-localized function which cannot be carried out by Rgs1 which is predicted to be cytosolic.
Rgs2 is required for maintaining cell morphology and mating, but has no role in post-cell fusion events. Rgs3, on the other hand, is crucial for cell-cell recognition, filamentation as well as virulence and spore development. We observed that both Rgs2 and Rgs3 can bind several or all four Ga subunits. Binding of Rgs2 and Rgs3 orthologs to several Ga subunits has also been described in M. oryzae and C. neoformans (Liu et al., 2007; Xue et al., 2008) . It has been suggested that such RGS proteins might play a regulatory role in different Ga signal transduction pathways. Alternatively, these RGS proteins might have redundant functions.
In both rgs2 as well as rgs3 mutants in U. maydis, mating on plates is strongly affected. However, during infection, rgs3 mutants must be able to mate because they cause significant disease symptoms on maize plants, albeit at a reduced level compared with a cross of haploid wild type cells. rgs2 mutants, on the other hand, display hardly any disease symptoms when plants are infected with compatible rgs2 mutants, indicating that they are also unable to mate on the plant surface. This is most likely resulting from their reduced ability to sense pheromone. Moreover, rgs2 mutants show an altered cell morphology, are reduced in growth and display highly elevated intracellular cAMP levels. cAMP homeostasis plays a crucial role in the maintenance of cell morphology and growth in U. maydis (Gold et al., 1994) .
U. maydis strains in which cAMP signaling is constitutively activated such as ubc1 mutants lacking the regulatory subunit of PKA or strains expressing the hyperactive allele of Gpa3, gpa3 Q206L , display a multiple budding phenotype which is presumed to result from elevated PKA activity (Gold et al., 1994; Regenfelder et al., 1997) . This phenotype can also be induced by adding exogeneous cAMP (Gold et al., 1994) . Conversely, uac1 mutants lacking adenylate cyclase or gpa3 mutants which should have low cAMP levels grow filamentously and this defect can be rescued by external cAMP (Regenfelder et al., 1997; Mayorga and Gold, 1998 ; see Table 1 ). The rgs2 mutant differs from these aforementioned strains and in particular it does not display a multiple budding phenotype which was expected from its high intracellular cAMP levels. At present, we do not know which intracellular cAMP concentration is required to cause the multiple budding phenotype. FB1gpa3 Q206L which shows only 1.6-fold higher cAMP levels than FB1 (Table 1) already shows multiple budding. On the other hand, the rgs2 mutant in which cAMP levels are 162-fold elevated do not show this phenotype. We consider it likely, that the high intracellular cAMP level is responsible for the unique rgs2 morphological phenotype. To show that the high intracellular cAMP concentration in this strain actually corresponds to a hyperactivation of the cAMP/PKA pathway would require measurements of PKA activity or additional signaling effectors. Surprisingly, SG200AN1Drgs2 did not display the morphological defect of FB1Drgs2 and did not show elevated cAMP levels. We speculate that the autocrine pheromone stimulation in SG200AN1 and the downregulation of the pheromone response by the bE/ bW heterodimer counteracts, in a still unknown way, the effect of the deletion of rgs2. It is conceivable that the activity of Rgs2 to modulate cAMP levels relies on its ability to interact with Gpa3, the Ga subunit likely interacting with the pheromone receptor Pra1 (Regenfelder et al., 1997) and controlling cAMP signaling (Kr€ uger et al., 1998) .
rgs3 deletion mutants show severely reduced conjugation tube formation, mating and, in addition, display an aberrant colony phenotype which is not caused by an altered hydrophobicity and likely reflects cell surface defects. cAMP levels in the mutant were four-fold higher than in the corresponding wild type. We consider it likely that this occurs through Gpa3 which also interacts with Rgs3. It has been suggested that the PKA can be activated to different extents resulting in different activities of the downstream signaling effectors such as phosphodiesterases, calmodulin, Ras proteins, kinases and even adenylate cyclase (Sassone-Corsi, 2012 ). This could explain the different phenotypes of rgs2, rgs3, ubac1 and gpa3 Q206L mutant strains. The finding that spore development is also impaired in the rgs3 mutants fits to the spore phenotype of ubc1 and gpa3 Q206L strains which also possess activated cAMP signaling (Gold et al., 1997; Kr€ uger et al., 2000) . A defect in spore formation was also detected in M. oryzae when MoRgs4, the ortholog or Rgs3, was deleted and in this pathogen deletion of MoRgs4 also resulted in elevated intracellular cAMP (Zhang et al., 2011) . This finding suggests that Rgs3, like Gpa3 and Ubc1, act as regulator of teliospore development via the control of cAMP signaling. The differences in Gpa3 activation proposed here for Rgs2 and Rgs3 may be responsible for partially overlapping but also distinct phenotypes of the respective mutants.
In U. maydis the mating defect of rgs3 mutants could be traced back to a defect in pra1 expression which, in turn, resulted from reduced transcript levels of mature rop1. Rop1 is the direct regulator of prf1, a transcription factor of the HMG-box family acting as master regulator of pheromone-inducible genes (Hartmann et al., 1996; Brefort et al., 2005) . The observation that constitutive expression of rop1 in the rgs3 deletion strain restored mfa1 and pra1 gene expression as well as conjugation tube formation upon pheromone addition, places Rgs3 upstream of Rop1 during mating. How Rgs3 regulates rop1 is currently unknown as the only known regulator of rop1, Tup1 (Elias-Villalobos et al., 2011), is not affected by deleting rgs3. Since the rop1 mutant still displays full virulence (Brefort et al., 2005) , the virulence defect of the rgs3 mutant is unlikely to result from insufficient amounts of rop1 expression. This could be directly tested by providing rop1 constitutively in the SG200AN1Drgs3 strain.
The finding that in rgs2 and rgs3 mutants pheromone perception and mating are not completely abolished, indicates that these two proteins might have partially overlapping function or might regulate signal transmission to the same MAPK module. However, the strong mating defect of rgs3 mutants observed in vitro is overcome on the plant surface, while the mating defect of rgs2 mutant is not. This indicates that the regulation of Gpa3 and possibly other Ga subunits by Rgs3 and Rgs2 must be of different quality. One could therefore also hypothesize that the differences seen in the interaction of Rgs2 and Rgs3 with the different Ga subunits could account for this. rgs2 and rgs3 mutants also differ in their virulence phenotypes when the respective genes are deleted in the solopathogenic strain SG200AN1. This strain can cause disease without the requirement for mating and is therefore a suitable host to differentiate between functions before and during fusion and post fusion events respectively. In SG200AN1, rgs3 is required for full virulence. Since rgs2 and rgs3 transcript levels are similar during biotrophic development of U. maydis (Lanver and Kahmann, unpublished), we consider it most likely that the post-fusion virulence function of Rgs3 might be Ga-independent and might involve protein domains in Rgs3 not present in Rgs2 (Fig. 1) . In this regard, the presence of a PX domain, a PXassociated domain (PXA) and a sorting nexin domain may be of particular interest because these domains are implicated in membrane trafficking, cell signaling, membrane remodeling and organelle motility (Teasdale and Collins, 2012) . For U. maydis it has already been shown that long-distance retrograde motility of early endosomes is necessary during plant infection (Wedlich-S€ oldner et al., 2002; Bielska et al., 2014) and this process could be affected by Rgs3 which appears to be associated to ER-derived vesicles. In future it will be interesting to investigate which domains of Rgs3 contribute to the virulence and spore formation phenotypes.
Experimental procedures
Strains and growth conditions U. maydis strains used in this study (Supporting Information  Table S1 ) are derived from the haploid strains FB1 (a1 b1), RGS proteins in Ustilago maydis 915 FB2 (a2 b2) and the solopathogenic strains SG200 and SG200AN1 (Banuett and Herskowitz, 1989; Lanver et al., 2014) . U. maydis strains were grown at 288C in liquid complete medium (CM) with 1% w/v glucose (Holliday, 1974b) 
DNA and RNA procedures
Standard molecular techniques were performed as described in Sambrook et al., (1989) . Transformation of U. maydis was performed as described previously (Schulz et al., 1990) . DNA and total RNA were prepared as reported (Hoffman and Winston, 1987; Kr€ uger et al., 1998) . For Northern blot analyses, 10 mg of total RNA was loaded per lane. Methylene blue (200 mg L 21 in 300 mM Naacetate pH 5.4-5.6) was applied to stain rRNA as loading control. Probes for Northern blot hybridization were amplified by PCR with the oligonucleotides indicated in Supporting Information Table S2 using a PCR DIG-labeling kit (Roche) following the instructions of the manufacturer.
The deletion of rgs1, rgs2 and rgs3 in U. maydis was performed by the PCR-based strategy (K€ amper, 2004) . Two 1.0 kb fragments containing the 5 0 -and the 3 0 -flanking regions of rgs1, rgs2 and rgs3 genes were amplified by PCR using FB1 genomic DNA as template with primers listed in Supporting Information Table S2 . The PCR fragments were digested with SfiI and ligated to the hygromycin B resistance cassette isolated as a 1.9 kb SfiI fragment from pBS-hhn (K€ amper, 2004) . The ligation product was subcloned into pCR V R 2.1-TOPO V R Vector (Thermo Fisher Scientific) and sequenced. PCR generated linear DNA for each construct was used for U. maydis transformation.
For the complementation of rgs deletion mutants, one fragment containing 1.5 kb of the native promoter region and the entire open reading frame was amplified by PCR (see Supporting Information Table S2 for primers). The rgs1 fragment was cloned in the Acc65I site of the p123 plasmid (Aichinger et al., 2003) while rgs2 and rgs3 were cloned in the SfiI site. The resulting plasmids (p123P rgs1 :rgs1; p123P rgs2 :rgs2; p123P rgs3 :rgs3) were linearized with AgeI and integrated into the ip locus (Loubradou et al., 2001 ) of the respective deletion strains.
To generate plasmid pPra1HA, the plasmid pPra1-GFP (Greilinger, 2007) was digested with SfiI, a 5.2 kb fragment carrying the backbone vector and the pra1 ORF was ligated to a 2.3 kb SfiI fragment of pHA_Cbx (1) carrying three copies of the HA epitope and a carboxin resistance cassette (Brachmann et al., 2004) . From this plasmid pra1HA was amplified using primer pairs T7 and M13(2) (Supporting Information Table S2 ), and transformed into FB1 and FB1Drgs3. In the resulting strains FB1pra1HA and FB1Drgs3-pra1HA, pra1HA has replaced the native pra1 gene. All cloned PCR fragments were sequenced and strains were verified by Southern blot analysis.
To construct strain FB1Drgs3-prf1 con , plasmid pRF con (Hartmann et al., 1999) was linearized with HindIII and subsequently integrated into the prf1 locus of FB1Drgs3. In the resulting strain, the prf1 gene is under the control of the constitutive otef promoter. For the generation of strain FB1Drgs3-pra1 con , p123P otef :pra1-eGFP (Wang et al., 2011) was linearized with SspI and subsequently integrated into the ip locus of FB1Drgs3. To generate the strain FB1Drgs3-rop1 con , p123P otef :rop1 (Brefort et al., 2005) was linearized with SspI and subsequently integrated into the ip locus (Loubradou et al., 2001) of FB1Drgs3. In this strain, rop1 is constitutively expressed from the otef promoter.
For co-IP experiments, FB2 strains constitutively expressing GpaHA and RgsMyc proteins were generated. Initially, we tagged the Ga subunits with GST. To this end, each Ga gene was amplified by PCR with primers GPAX_fwd and GPAX_rev (where X represents the number of the gpa gene, Supporting Information Table S2 ) from genomic DNA of U. maydis strain FB1. The GST gene was amplified using primers GST-gpaX_fwd and GST-gpaX_rev (where X represents the number of the gpa gene) from the plasmid pGST-YES2 (Wang, unpublished) . By assembling NcoI/NotI double digested p123, individual gpa genes and GST fragment with Gibson technology following the manufacturer's instruction (New England Biolabs) (Gibson et al., 2009) , plasmids p123P otef :Gpa1GST, p123P otef :Gpa2GST, p123P otef :Gpa3GST and p123P otef :Gpa4GST were obtained. These plasmids were linearized with SspI and subsequently integrated into the ip locus of strain FB2. Since expression of GST fusion proteins could not be detected, we generate plasmids in which the gpa genes were C-terminally tagged with an HA epitope by using plasmids p123P otef :Gpa1GST, p123P otef :Gpa2GST, p123P otef :Gpa3GST and p123P otef :Gpa4GST as starting material. By inverse PCR with phosphorylated primers Gpa1-iF (which binds immediately upstream of the stop codon and contains the sequence coding the HA epitope, Supporting Information Table S2) and GpaX-iR (where X represents the number of the gpa gene) using as templates plasmids p123P otef :Gpa1GST, p123P otef :Gpa2GST, p123P otef :Gpa3GST and p123P otef :Gpa4GST linear fragments were generated and digested with DpnI at 378C for 30 min to degrade the template plasmids. Remaining products were purified and self-ligated at 168C overnight.
Obtained plasmids p123P otef :Gpa1HA, p123P otef :Gpa2HA, p123P otef :Gpa3HA and p123P otef :Gpa4HA were linearized with SspI and subsequently integrated into the ip locus of strain FB2 in single copy. Individual FB2 strains constitutively expressing a specific HA-tagged Ga subunits were then transformed with selfreplicating plasmids for the constitutive expression of the Myc-tagged RGS proteins. To this end, rgs genes were first tagged with a Myc epitope. The rgs1 gene was amplified by PCR from genomic DNA of U. maydis using the primers um02104FBamHI and um02104revmycNotI. rgs2 was amplified by PCR using the primers um00956FSfiI and um00956revmycNotI. The rgs3 gene was amplified with primers um10380LBamHI and um10380revmycNotI (Supporting Information Table S2 ). rgs1 and rgs3 fragments were digested with BamHI/NotI, the rgs2 fragment was digested with SfiI/Not1 prior to cloning into the respective sites of p123. In these plasmids, p123P otef :rgs1Myc, p123P otef :rgs2-Myc and p123P otef :rgs3Myc, the rgs genes are under control of the constitutive otef promoter. Next, we generated self-replicating plasmids conferring hygromycin B resistance and expressing RgsMyc fusion proteins: for pNEBUH-P otef :rgs1Myc the fragment containing the otef promoter and rgs1Myc was amplified from the respective p123P otef :rgs1Myc using primers Gibs-rgs1-2-3-fw and Gibs-02104-00956-rev (rgs1-2). To generate pNEBUH-P otef :rgs2Myc, the same strategy was followed except that the template was p123P otef :rgs2Myc. To generate pNEBUH-P otef :rgs3Myc, the rgs3Myc fragment containing the otef promoter was amplified from p123P otef :rgs3Myc using the primers Gibs-rgs1-2-3-fw and Gibs-10380-rev (rgs3). All three fragments were cloned in BamHI linearized pNEBUH via Gibson assembly technology following the manufacturer's instructions. pNEBUH is a self-replicating plasmid (Weinzierl et al., 2002) .
To generate strain FB1rgs3-mCherry/ER-GFP used for localization studies, rgs3 open reading frame was amplified by primer pairs um10380comfwSfiIL and um10380comSfiIR (Supporting Information Table S2 ), and digested with SfiI. Afterward, the SfiI digested rgs3 ORF fragment was ligated to SfiI digested pP otef :msb2HA-mCherryHA (Lanver et al., 2010) , resulting in pP otef :rgs3-mCherry plasmid. The SspI linerized pP otef :rgs3-mCherry plasmid was subsequently integrated into the ip locus of FB1, resulting in FB1rgs3-mCherry strain. The pER-GFP (Wedlich-S€ oldner et al., 2002) harboring both carboxin and hygromycin resistance markers was linerized by SspI and integrated into the ip locus of FB1rgs3-mCherry and screened on hygromycin plates.
For the generation of strains FB1Drgs2-rgs1 con , FB2Drgs2-rgs1 con , FB1Drgs3-rgs1 con and FB2Drgs3-rgs1 con , the plasmid p123P yef3 :rgs1Myc was made. Pyef3 was excised via HindIII/BamHI double digestion from pMM027 (Moretti, unpublished) and ligated to HindIII/BamHI digested p123P otef :rgs1Myc. Linearized p123P yef3 :rgs1Myc with PsrI was then integrated in single copy into the ip locus of FB1Drgs2, FB2Drgs2, FB1Drgs3 and FB2Drgs3.
Co-immuno precipitation
Twelve U. maydis FB2 strains expressing all possible pairwise combinations of HA-tagged Gpas and Myc-tagged RGS proteins (Supporting Information Table S1 ) were analyzed. The cultures were grown overnight in liquid YEPSL supplemented with 100 lM hygromycin B (Sigma) to select for the self-replicating plasmid. Subsequently, the cultures were diluted to an OD 600 5 0.2 in YEPSL and grown at 288C to an OD 600 5 1. About 50 ml of cells were collected by centrifugation, washed with 13 PBS buffer and resuspended in 1 ml lysis buffer (50 mM Hepes [pH 7.6], 150 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 10 mM GDP, 60 mM AlCl 3 , 20 mM NaF, protease inhibitor cocktail [Roche], 0.1% w/v SDS, 0.1% w/v NP40). Cells were subjected to glass bead vortex homogenization in a FastPrep 24 Homogenizer (MP Biomedical) for 83 1 min, with 1 min on ice in between. The lysate was centrifuged at 1000g for 10 min at 48C and the resulting supernatant was applied to 50 ml Anti-HA affinity matrix [Roche] . Samples were then incubated over night at 48C in a rotor shaker. The matrix was then washed four times with lysis buffer and bound proteins were eluted by boiling in 30 ml of 2X SDS-PAGE sample buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 2% w/v SDS, 20 mM DTT, 0.02% bromophenol blue) for 5 min. Protein samples were separated by 10% SDS-PAGE. Western blots were developed with anti-Myc (Sigma) and anti-HA antibodies (Sigma). Assays were repeated at least three times.
Kpp2 phosphorylation assay
FB1-derived U. maydis strains (OD 600 5 0.2) were treated with synthetic a2 pheromone (Szab o et al., 2002) for 0, 30, 45 and 60 min in CM liquid medium with 1% w/v glucose at 288C. Cells were collected by centrifugation, suspended in 100 ml lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% w/v NP-40, Complete Protease Inhibitor Cocktail [Roche] and Phosphatase Inhibitor Cocktail [Sigma] ) and subjected to glass bead vortex homogenization in a FastPrep 24 Homogenizer (MP Biomedical) for 83 1 min, with 1 min on ice in between. The cleared lysates were separated by 10% SDS-PAGE and subjected to immunoblotting with phospho-p44/42 MAPK antibody (Cell Signaling Technology). U. maydis a-tubulin served as loading control and was detected with anti-a-Tubulin antibody from Merck Millipore.
Mating, pheromone stimulation assays, hydrophobicity test and plant infections
For mating assays (Holliday, 1974a) , compatible strains were grown in YEPSL at 288C to an OD 600 5 0.8, concentrated to an OD 600 of 1.0 and co-spotted on PD charcoalcontaining plates. The plates were sealed with Parafilm M and incubated at room temperature for 48 h. Dikaryon formation was assayed by removing filaments from charcoal plates with the help of forceps followed by staining with DAPI Vectashield H-1200 (Vector Laboratories) and visualizing the nuclei by microscopy. Pheromone stimulation was performed as described previously (M€ uller et al., 2003) . Quantification of conjugation tube formation was carried out by microscopy.
To determine surface hydrophobicity, 10 ml drops of a water solution 0.01% methylene blue were placed on the surface of fungal colonies grown for 48 h on charcoalcontaining PD plates and allowed to stand for 4 h before taking pictures. Plant infections of the corn variety Early Golden Bantam (Olds Seeds, Madison, Wisconsin) were done on 7-day-old seedlings as described previously (M€ uller et al., 1999) . Disease symptoms were scored 12 days after infection according to the disease rating criteria reported by K€ amper et al. (2006) . All experiments were performed in three replicates and each replicate involved infection of at least 35 plants.
Quantification of appressoria
Induction of U. maydis filaments and appressoria on Parafilm M was performed as described previously . Samples were stained with calcofluor white to visualize fungal cells. Appressoria formation was quantified by counting filaments expressing RGS proteins in Ustilago maydis 917 the appressorial marker P am1 :3XGFP present in SG200AN1 (Lanver et al., 2014) . All experiments were done in three biological replicates.
Microscopy
A Zeiss Axioplan II microscope with differential interference contrast optics was used for microscopy. Fluorescence of GFP, mCherry, DAPI and calcofluor white was observed using GFP (ET470/40BP, ET495LP and ET525/50BP), TexasRed (HC562/40BP, HC593LP and HC624/40BP) and 4',6-diamidino-2-phenylindole (HC375/11BP, HC409BS and HC447/60BP) filter sets (Semrock). Pictures were taken using a CoolSNAP-HQ charge-couple device camera (Photometrics). Digital images were further processed with MetaMorph software (Universal Imaging). Staining of infected plant samples was performed according Lanver et al. (2010) . Confocal microscopy was done using a TCS-SP5 confocal microscope (Leica Microsystems). To visualize WGA-AF 488 (Thermo Fisher Scientific), an excitation of 488 nm and subsequent detection at 500-540 nm was employed. Propidium iodide fluorescence was excited with 561 nm and detected at 580-630 nm. Images were processed using LAS-AF software (Leica Microsystems).
cAMP measurement via LC-MS/MS
U. maydis strains listed in Table 1 were grown overnight at 288C in AM nitrogen minimal medium (Banks et al., 1993) with 2% w/v glucose and 6 mM cAMP (Sigma). cAMP was added to all cultures for consistency to avoid the appearance of suppressor mutants which could suppress the filamentous phenotype of the uac1 mutant. Cultures were then washed twice with H 2 O and re-suspended in AM nitrogen minimal medium with 2% w/v glucose to an OD 600 of 0.2 and incubated at 288C to a final OD 600 of 1. One ml of fungal cultures was briefly centrifuged at 8000g for 1 min. Supernatant was then removed and cells were immediately lysed in 40:40:20 (v-%) acetonitrile/methanol/water with glass beads by using a FastPrep 24 Homogenizer (MP Biomedical) for 33 1 min, with 1 min on ice in between. The cleared lysates were kept at 2808C and directly used for LC-MS/MS analysis following the protocol described in Guder et al. (2017) . An Agilent 1290 Infinity II UHPLC system (Agilent Technologies) was used for liquid chromatography. The column was a Hilic Plus ZORBAX 30 3 2.1 mm with particle size 1.8 mm (Agilent Technologies). Temperature of the column oven was 308C, and the injection volume was 3 ml. LC solvent A was: water with 10 mM ammonium formate and 0.1% formic acid (v/v), and LC solvent B was: acetonitrile with 0.1% formic acid (v/v). The gradient was: 0 min 90% B; 1.7 min 40% B; 2 min 40% B; 2.2 min 90% B; 3 min 90% B. The flow rate was 0.35 ml min
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. An Agilent 6495 triple quadrupole mass spectrometer (Agilent Technologies) was used for mass spectrometry with parameters described in Guder et al. (2017) . Isotope-ratio mass spectrometry with 13-C internal standard was used to obtain absolute quantitative data. Both 2',3'-cAMP and 3',5'-cAMP were measured. A loading control of the analyzed samples was made by checking total protein cell extracts on 12% SDS polyacrylamide gel electrophoresis and subsequent silver staining and anti-a-Tubulin (Merck Millipore) western blot (Supporting Information Fig. S4 ).
